Constitutional dorma cy is demonstrated for basidiospores of Coprinus radiatus. Germination ca ? l be induced by heat and certain chemicals. Heating spores to 45 "C for 4 h results in 23 % germination and treatment with a variety of chemicals yields about 3 %. Germination in spores which are first heated and subsequently treated with chemicals is either similar to that in heated spores (23 %) or slightly higher (33 %), while spores which are heated in the presence of chemical show germination percentages up to 88 %.
INTRODUCTION
Fungal spores may be divided into two major groups: those which will germinate under conditions favouring vegetativy growth and those which will not. Dormancy of the former type is termed exogenous (Sussman & Halvorson, 1966) . The second group of spores exhibits a constitutional dormancy which is more complex and seems to be attributable to an innate property of the spore itself, such as a barrier to nutrient penetration, a metabolic block, or the production of a self-inhibitor. A number of physical factors (e.g. temperature, light) or chemical factors will break constitutional dormancy (Sussman & Halvorson, 1966) .
While constitutional dormancy has been described in several basidiomycetes, none of those examined has been found to be suitable for investigations of the germination process. In this paper, we report an exception.
METHODS
Organism and conditions of growth. The fungus used was Coprinus radiatus (culture number c. 1311) from the collec'tion of Dr R. Kemp, University of Edinburgh. It was grown in pure culture on 20 ml of horse-dung medium (Lange, 1952) in 125 ml Erlenmeyer flasks. The inoculum consisted of fra ments of the vegetative mycelium. All cultures were maintained at room temperature an ! no attempt was made to control light or humidity. Mature fruiting bodies were obtained in 8 to 14 days.
Spore collection. Mature caps1 were placed in flasks of distilled water and refrigerated until the caps auto-digested. This slurry was gently homogenized in a Ten Brock homogenizer and filtered twice through glass wool. The spores in the filtrate were washed with distilled H 2 0 and concentrated by centrifugation. The spores were then resuspended in a minimum amount of water, poured into a Petri dish, covered, and air-dried. Spores collected in this manner were free from visible hycelial debris. After air-drying, one group of spores was stored at 22 "C and a second gtoup at 8 "C for up to 10 months before use. groups were heated at each temperature for 4 h, cooled, and incubated further at room temperature.
The points represent maximum germination. A, Spores stored at 8 "C; 0, spores stored at room temperature; 0, control spores (non-heated).
Measurement of germination. The criterion of germination was the appearance of a germ tube. Samples of the various treatments were observed microscopically in a Bright Line haemocytometer and 500 spores were scored.
Chemicals. The following chemicals were employed in germination tests : furfural, 2-furfuryl alcohol, furoic acid (Aldrich Chemical Co., Milwaukee, Wisconsin, U.S A) ; 2-methyl furan, 2-furfural acrolein, 5-methyl furfural, 5-hydroxymethyl furfural, methyl-2-furoate (Quaker Oats Laboratories, Chicago, Illinois, U.S .A.) ; 2-furfuryl methyl ether, n-propyl furoate, 2-furfuryl-n-butyrate, 2-furfuryl diacetate (Eaton Laboratories, Norwich, New York, U.S .A.) ; thiophene, a-thiophene carboxaldehyde, pyrrole (Eastman Kodak, Rochester, New York, U.S.A.) ; benzaldehyde (Mallenchrodt Chemical Works, St Louis, Missiouri, U.S.A.) ; phenethyl alcohol (Matheson, Coleman & Bell, Norwood, Ohio, U.S.A.). Some of these chemicals were redistilled before use.
RESULTS
Determination of the dormancy type in Coprinus radiatus. When samples of the collected or naturally shed basidiospores (uncontaminated with vegetative mycelia) of Coprinus radiatus were placed in sterile liquid, or on solid culture media with no prior treatment, germination did not occur. Pieces of vegetative tissue, however, initiated extensive growth on the same medium, therefore these spores probably possessed the more complex constitutional type of dormancy. Spores were treated with heat or chemicals or both, because similar treatments are known to break constitutional dormancy in other fungi (Sussman, 1965 ; Sussman & Halvorson, 1966) and 37 "C is used to induce germination of C. radiatus spores in genetic studies (Gans & Masson, 1969) .
Heat treatment as a means of activation. To test the effects of heat on the induction of germination, basidiospores were incubated at several temperatures for various periods. Spores 55 "C, and 10 min for 60 "C), samples were removed, maintained at room temperature, and examined for germination. S me spore germination occurred at all temperatures, the greatest increase occurring in amples heated to 45 "C for 4 h. From this initial experiment the temperature range between 40 to 50 "C seemed the most effective and was re-examined at ture range of 45 to 47 "C.
Maximum germination was approximately 23 %. To rule out self-inhibitor effects, concentrations of 5-0 m g / d and 0.05 mg/ml were also tested at 46 "C and germination was the same as with 0.5 mg aporeslml. The failure of most spores to germinate was probably not ascribable to immaturity because spores of a more thoroughly studied species, I "C intervals. These results, s 1 own in Fig. I , indicate a narrow optimal activation-tempera- Coprinus Zagopus, have been reported to be 85 % synchronous in development (Raju & Lu,
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Kinetics of spore germination. The rate of spore germination was determined for spores heated to 40, 45 and 50 "C. In these experiments, spores were checked hourly during the heating process and during subsequent incubation at room temperature. No germination occurred as the spores were being heated. In all instances there was a 3 to 4 h lag at room temperature before germination was observed (Fig. 2) . Once germination began, the spores exhibited a near synchronous response. Additional germinations did not occur beyond 6 h.
As Coprinus radiatus is a coprophilous fungus, its spores are heated to 38 to 42 "C as they pass through the alimentary tract of mammalian herbivores. Consequently, exposure to these temperatures for prolonged periods might substitute for shorter exposures at higher temperatures. To test this possibility, spores were incubated at 40 "C for periods up to 72 h. This produced no increase in germination beyond that found at shorter periods at the same temperature (Fig. I) . Ntrtrirional requirenteiits for germination. Although horse-dung medium at 25 "C did not induce germination, the possibility remained that certain nutritional requirements may have restricted germination to a maximum of 23 % when heated. This possibility was discounted by heating spores in distilled water at temperatures of 30 to 60 "C and then plating half of the spores on horse-dung agar medium. At each temperature the same number of spores germinated in each medium (Table I) . Apparently the restraint on germination above 23 % was not caused by a nutritional difference.
Cltemical treatment as mans of spore activation. Because others (Sussman, 1953 ; Lingappa, Lingappa & Turiaq, 1970) have shown that various chemical agents can break constitutional dormancy we tested several of the same compounds on Coprinus radiatus. Several heterocyclic and aromqtic compounds were applied in concentrations ranging from 10-l to I O -~ M. Spores were incubated in each agent for 12 h ( Table 2 ). All the compounds tested prompted some germination above control level when applied in the range of I O -~ to I O -~ M. The response was between I and 3 %.
Ethanol and acetone induce germination in Neurospora ascospores (Sussman, Lowry & Tytrell, 1959) and so were tested with these spores. Spores were incubated in concentrations of I , 5, 10 and 15 M-ethanol or acetone for 30 min, I , 2 and 16 h, then washed in distilled water and resuspended in 2 ml of distilled water for an additional 12 h before scoring. Like the previous compounds, these solvents activated only a few spores. The maximum values are shown in Table 2 . The results were very uniform. At the highest concentrations, some toxicity was apparent as no germination was observed (e.g. in acetone at 15 M for 16 h).
To determine if low germination was caused by chemical toxicity, spores which had been subjected to a 12 h exposure to furfural and furoic acid (10-l to I O -~ M) were subsequently heated to 45 "C for 4 h. Except at 10-l M, spores heated with furfural gave maximal percentages of germination identical with those exhibited by heated spores (Fig. I) . and reduced germination (13 %) at 1 0~~ and I r 3 M. However, at lower concentrations, germination was the same as with heated spores. Consequently the relatively low percentage of germination induced by chemicals did not seem to be caused by toxicity.
Combination of heat and chemical treatment. While heat or chemicals alone can produce low percentages of spore germination, together they might prove additive or even synergistic. 
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Heat and chemical treatments were therefore combined in the following ways: (i) spores were heated in water, cooled, and then subjected to chemical treatment; (ii) spores were heated in the presence of chemicals, cooled, and incubated in the same solutions. The results for method I are summarized in Table 2 . Maximum germination responses in spores heated to 45 "C for 4 h occurred at I x I O -~ M for all compounds except acetone and ethanol, which were at 10 M. Among spores heated to 45 "C for various lengths of time, maximum germination occurred after 4 h, although there was no decrease in those spores heated for 5 and 6 h. The second method gave different results. Spores incubated in I x I O -~ M-furfural for 4 h at temperatures from 40 to 50 "C exhibited greater germination than that obtained when the spores were heated in distilled water (88 % versus 23 %) (Fig. 3, I ). The temperature optimum was about 2 "C less when spores were heated in furfural.
The concentrations of furfural, pyrrole and thiophene which produced maximum germination were determined by heating spores for 4 h at 44 "C in solutions ranging from 5 x 10-1 to I x I O -~ M. The results (Fig. 4) show that the greatest responses for all chemicals were obtained at I x I O -~ M, with substantial activation occurring from I O -~ to 10-* M.
The apparent synergistic action between heat and chemicals was also examined when the duration of heat treatment was varied. In these experiments, spores were heated to 44 "C in the presence of I x I O -~ M-furfural. Maximum germination occurred after 4 h of heating just as in spores heated in the absence of chemicals (Fig. 5) . In contrast to spores heated in water only, germination in spores heated in furfural decreased rapidly when the heat treatment was extended beyond 4 h.
The effect of heat in combination with all the chemicals used before was also tested and is summarized in Table 2 . Certain of these chemicals also appeared to act synergistically with heat to stimulate germination. Six gave germination percentages from 66 to 88 % while five promoted germination from 42 to 59 %. The remaining eight induced germination percentages similar to those recorded for method I.
DISCUSSION
Compounds which produced the highest frequencies of activation exhibit certain structural or functional similarities. Furfural has a heterocyclic ring with an aldehyde side group; thiophene and pyrrole a heterocyclic ring with no side-chain; and benzaldehyde a benzene ring with an aldehyde side-chain. Therefore, the most active agents tested all share an unsaturated ring system and a small or non-existent side function. Compounds with more complex carbon skeletons, such as 2-methyl furan and 5-hydroxymethyl furfural, reduced germination (59 and 66 % respectively). Further lengthening of the side-chain resulted in even less activity (e.g. 42 % with furfural diacetate and 30 % with a-furfural acrolein).
Molecules in the acid form were not effective activators, but as salts, some did stimulate germination. For example, furoic acid at I O -~ M activated 31 % whereas methyl-2-furoate produced 57 % germination. Perhaps the presence of a carboxyl group prevents the basic molecule from stimulating germination.
Since both heat and chemicals alone can break dormancy, and since certain combinations of the two may even act synergistically, the activation mechanism appears to be a complex one. Possibly, several different mechanisms are involved in activation or, if a single process is involved, it responds to widely disparate environmental conditions. One must also consider the possibility that differential response to the treatment may be caused by a heterogeneous spore population (Webster, I 970). Whether our treatments induced an 'activation' phenomenon, such as a gene derepression, or simply removed or de-activated an endogenous inhibitor is not known.
Comparison of constitutionally dormant spores. The response of Coprinus radiatus basidiospores to several stimuli resembles that of Neurospora ascospores (Sussman & Halvorson, I 966) and Phycomyces sporangiospores (Rudolph, 1961) . However, some differences exist. Similarities and differences are summarized in Table 3 .
Two differences between germination behaviour in Coprinus radiatus and the other genera are apparent and may be of considerable significance. Neurospora and Phycomyces spores require conditions which are relatively short in duration but rather extreme (i.e. higher temperatures) while Coprinus requires conditions which are longer in duration, but milder.
In nature, Coprinus radiatus spores may germinate in response to the synergistic action of temperature and chemicals. Since only small quantities of these substances are required for germinations, and several of those tested are of wide occurrence in nature, one or more of these compounds may play a role in the natural life-cycle. Dunlop & Peters (1953) point out that furfural is one of the most widely occurring organic compounds, as it is a breakdown product of pentosans which are components of all higher plant cell walls. Fivehydroxymethyl furfural is readily formed from decomposing hexoses, while furfuryl alcohol is generated directly or indirectly from furfural during fungal spore metabolism (Searles & French, 1964; Eilers & Sussman, 19-70) . Since C. radiatus is a coprophilous fungus, its spores pass through the digestive tracts of ruminants where they are subjected to elevated temperatures. Later, in decomposing manure, additional heat is provided, as well as furans. Decomposing manure then, could provide an ideal habitat for the germination of these constitutionally dormant basidiospores. Some of the conditions we have created in culture may, in fact, approximate to the natural environment of germination.
